INTRODUCTION
Heat stress is one of the most challenging environmental conditions affecting commercial poultry, and it causes the loss of revenue that ranges into millions of dollars each year (Mahmoud et al., 2003) . Exposure of chickens to heat stress causes significant behavioral and physiological responses (Altan et al., 2003) . Thermal stress exerts negative influence on feed intake, BW gain (Geraert et al., 1996) , neuroendocrine, and immune function as well as on mortality rates (Smith, 1993) . Heat stress seriously harms animal welfare and productivity, and therefore, becomes one of the major concerns for the poultry industry, especially in the hot regions of the world.
When living organisms are exposed to thermal stresses, the synthesis of most proteins is delayed, but a group of highly conserved proteins known as heat shock proteins or heat stress proteins (HSP) is rapidly synthesized (Al-Aqil and Zulkifli, 2009) . These HSP play an important role in the survival of stressed cells and the stabilization of the internal environment (Gabai et al., 1997) .
According to the homology and molecular weights, HSP can be classified into 3 main families: HSP90 (~85-90 kDa), HSP70 (~68-73 kDa), and low molecular weight HSP (~16-47 kDa; Basu et al., 2002) . Among the HSP, HSP70 is one of the most conserved and important protein families and has been studied extensively (Deane and Woo, 2005; Ming et al., 2010) .
It is well known that the intestine plays an important role in terms of being a body barrier, for digestion, and for absorption of nutrients and immunity, hence it becomes the target organ in stress response. In recent years, studies have found that HSP70 is induced in the gastric mucosal cells and epithelial cells of the jejunum and ileum, which are exposed to a variety of stress factors. Studies of the protective effects of HSP70 on the intestine mainly focus on rat, mice, or intestinal epithelial cells in vitro (Ehrenfried et al., 1995; Wischmeyer et al., 1997; Ren et al., 2001; Ohkawara et ABSTRACT The objective of this study was to investigate the relationship between heat shock protein 70 (HSP70) overexpression and intestinal structure and digestive function in heat-stressed broilers. In total, 240 male broilers were injected intraperitoneally with l-(1)-glutamine (0.75 mg/kg of BW) or quercetin (5 mg/ kg of BW). Twenty-four hours later, they were heatstressed for 0, 2, 3, 5, and 10 h, respectively, under 36 ± 1°C. The HSP70 protein and mRNA expression were obviously elevated at 3 h of heat stress, and glutamine induced the overexpression of HSP70 in the jejunal mucosa at different heat-stress times (P < 0.01). No significant change of jejunal villus height, crypt, and villus height:crypt ratio were observed after heat stress, and there were no effects of HSP70 overexpression on intestinal morphology under heat stress. The overexpression of HSP70 significantly increased alkaline phosphatase activity at 3 h of heat stress (P < 0.01). There was a strong correlation between HSP70 expression and the digestive enzyme activity (P ≤ 0.001). The overexpression of HSP70 significantly increased the amylase, lipase, and trypsin activity under heat stress (P < 0.001). These results demonstrated that glutamine was a good HSP70 enhancer to establish an HSP70 overexpression model. Although the overexpression of HSP70 did not change intestinal morphology conditions, it significantly increased broiler digestive enzyme activity under heat stress. al., 2006) . Although heat stress can induce intestinal injury in broiler chickens (Quinteiro-Filho et al., 2010) , to the best of our knowledge, there is no information on the relationship between HSP70 activity and intestinal structure and digestive function in poultry under stressful conditions. The most important nutrient for the gut, l-(1)-glutamine (Gln), is known to be protective of the intestinal epithelium and a potent enhancer of the synthesis of HSP both in vivo and in vitro (Wischmeyer et al., 1997; Kojima et al., 1998) . Quercetin is a nonspecific chemical inhibitor of HSP, which inhibits not only HSP70 induction but also the cytoprotection provided by Gln supplementation (Wischmeyer et al., 1997) . Thus, the present study was designed to use Gln and quercetine to evaluate the relationship between HSP70 expression and intestinal structure and digestive function in the heat-stressed broiler.
MATERIALS AND METHODS

Experimental Birds
In total, 300 male broiler chicks (1 d old; Arbor Acres Poultry Breeding Co., Beijing, China) were housed in wire-floored cages in an environmentally controlled room with continuous light. The room temperature was maintained at 35°C when the chickens were at the age of 1 to 3 d old; afterward, the temperature was gradually reduced until 22°C. All birds were inoculated with an inactivated infectious bursal disease vaccine on d 14 and 21 and with a Newcastle disease vaccine on d 7 and 28. The birds had access to feed and water ad libitum. The diet was formulated to meet or slightly exceed the nutrient requirements suggested by the NRC (1994). All procedures were approved by the Animal Care and Welfare Committee of the Chinese Academy of Agricultural Sciences (Beijing, China).
Experimental Design
Two hundred forty broilers with similar BW were put into 24 cages (10 birds/cage) and randomly allocated to 4 treatments, including control, enhancer, inhibitor, and enhancer + inhibitor at 21 d of age. There were 6 cages per treatment. These birds were transported into a temperature-controled metabolic chamber. On 36 d of age, the birds were injected intraperitoneally with 0.5 mL of saline, Gln (0.75 mg/kg of BW), quercetin (5 mg/kg of BW), and Gln (0.75 mg/kg of BW) + quercetin (5 mg/kg of BW), respectively. After injection, they were put back into their original cages. Twentyfour hours later, all of the chickens in their original cages were moved to the environmental chamber set controlled at 36°C. They suffered from acute heat stress under 36 ± 1°C for stress times that were respectively 0, 2, 3, 5, and 10 h.
Sample Collection
During the 0, 2, 3, 5, and 10 h in the heat-stress condition, chickens that weighed similarly in each replicate per treatment average were selected and immediately killed by cervical dislocation. Longitudinal sections of jejunum tissue were obtained and flushed with 5 mL of saline. The tissues were then fixed in 3 to 5 volumes of 4% phosphate-buffered formaldehyde (pH 7.2). A homogeneous jejunal digesta sample was collected by massaging the tract from both ends. The digesta samples were stored immediately at −70°C until analysis. The mucosal samples of the jejunum were collected using glass slides and stored at −70°C until analysis.
Western Blot Analysis
Jejunal mucosa samples were vortexed for lysis for a few seconds every 15 min at 4°C for 1 h and centrifuged at 15,000 × g for 5 min at 4°C. The supernatants were assayed. The samples were heated at 95°C for 5 min and cooled on ice. Following the centrifugation at 15,000 × g for 5 min, 20 μL aliquots were resolved by electrophoresis (Bio-Rad, Richmond, CA) on 12% SDS-PAGE before being transferred electrophoretically to a polyvinylidene fluoride membrane (Millipore, Billerica, MA). After blocking with TBST (0.05% Tween 20, 100 mM Tris-HCl, and 150 mM NaCl, pH 7.5) containing 5% skim milk for 30 min at room temperature, the membranes were incubated with primary antibodies, anti-mouse HSP70 (Stressgen, Gentaur Bvba, Brussels, Belgium), in a dilution of 1:4000 at 4°C overnight. After washing in TBST 3 times, the membranes were incubated with a horseradish peroxidase-labeled secondary antibody (goat anti-mouse IgG, diluted in 1:10000; Beijing CoWin Biotech Co. Ltd., Beijing, China) for 40 min. The antibody-specific protein bands were visualized with an electrochemiluminescence substrate using a gel-imaging system (Tanon Science and Technology, Shanghai, China) with Image Analysis Software (National Institutes of Health, Bethesda, MD).
mRNA Expression Analysis
The HSP70 mRNA levels in mucosal samples of jejunum were analyzed by quantitative real-time reversetranscription PCR (Tchernitchko et al., 2002) . The total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) per the manufacturer's instructions. One microgram of the total RNA was reverse-transcribed to complementary DNA by using a SuperScript III Reverse Transcriptase kit (Invitrogen). Both HSP70 and β-actin were amplified in the ABI SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) from the complementary DNA with specific primers. The following quantitative real-time reverse-transcription PCR primers were used: β-actin (GenBank NM205518) forward 5′-AACCGGACTGTTACCAACACC-3′, reverse 5′-AGACTGCTGCTGACACCTTCAC-3′; and HSP70 (GenBank NM001006685) forward 5′-CGTCAGTGCT-GTGGACAAGAGTA-3′, reverse 5′-CCTATCTCT-GTTGGCTTCATCCT-3′. Amplification was initiated by 2-and 5-min incubation periods at 50 and 95°C, respectively, followed by 40 cycles at 95°C for 10 s and 60°C for 30 s. Relative standard curves were obtained by plotting the cycle threshold (Ct) obtained after PCR amplification of serial dilutions of a steady quantity of a plasmid containing the corresponding complementary DNA. The PCR products of HSP70 were normalized to the β-actin level.
Small Intestinal Morphology
Fixed intestinal samples were prepared by using conventional paraffin embedding techniques. Samples were sectioned at a 6-μm thickness and stained with hematoxylin-eosin. Villus height and crypt depth were measured according to Wu et al. (1996) under a light microscope (CK-40, Olympus Co., Tokyo, Japan). A total of 10 intact, well-oriented, crypt-villus units were selected in triplicate for each intestinal cross-section. Villus height was measured from the tip of the villus to the villus-crypt junction; crypt depth was defined as the depth of the invagination between adjacent villi. The histological analysis was performed by an investigator who was unaware of the origin of the tissue sections.
Alkaline Phosphatase and Digestive Enzyme Analyses
The small intestinal mucosal samples were diluted 10-fold, based on the sample weight with saline, to form homogenates. The samples were then centrifuged at 2,500 × g at 4°C for 10 min. The supernatants were determined according to the assay kit's instructions, obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). One unit of alkaline phosphatase activity was defined as the production of 1 mg of nitrophenol per gram of jejunal mucosal protein. Total protein concentration was determined using the Coomassie brilliant blue protein assay.
The concentrations of amylase, lipase, and trypsin activity in the jejunal digesta were determined by kits (Nanjing, China) as described by the manufacturer.
Statistical Analysis
All statistical analyses were performed using SAS software (version 8.2; SAS Institute, Cary, NC). Statistical analyses were performed using the one-way ANOVA to estimate the effects of treatment and time, respectively. Correlation analysis was performed by a linear regression test. Differences among means were tested using Duncan's multiple range tests. Means were considered significantly different for values of P < 0.05.
RESULTS
Levels of HSP70 in Jejunal Mucosa
The level of HSP70 protein in the jejunal mucosa of heat-stressed broilers is displayed in Table 1 . No significant difference of HSP70 among the groups was found before heat stress. The level of HSP70 in the enhancer group was significantly higher than that in the control after 3 h of heat stress (P < 0.001). This indicates that using glutamine to establish an overexpression model of HSP70 is successful. However, the protein expression of HSP70 in the inhibitor group was only significantly lower than that of the control after 3 h of heat stress (P < 0.001). There is a significant difference between expression levels of HSP70 after 3 h of heat stress. The level of HSP70 in the enhancer group was significantly higher than that in the enhancer + inhibitor group after 3 h of heat stress (P < 0.001). Furthermore, there were significant effects from different heat-stress times on the expression of HSP70 (P < 0.01). Table 2 demonstrates the HSP70 mRNA expression during heat stress. There was no significant difference in HSP70 mRNA expression before heat stress. Compared with that of the control, HSP70 mRNA expression was significantly upregulated in the jejunal mucosa a-c Means in the same row with no common superscripts differ significantly (P < 0.05).
mRNA Expression in Jejunal Mucosa
A-D Means in the same column with no common superscripts differ significantly (P < 0.05). 1 n = 3 for each treatment group. The results are given as relative intensity normalized to β-actin (heat shock protein 70/β-actin).
of the enhancer group after heat exposure (P < 0.01).
The mRNA expression of HSP70 in the inhibitor group was only significantly lower than that of the control after 5 h of heat stress (P < 0.001). The amounts of HSP70 mRNA in the enhancer were significantly higher than those in the inhibitor and the enhancer + inhibitor groups during heat stress (P < 0.01). A significant difference from heat-stress times on the expression of HSP70 was also detected (P < 0.01).
Morphological Analysis
To examine the effects of HSP70 on small intestinal morphology under heat stress, jejunal sections stained with hematoxylin-eosin were examined by light microscope. No significant difference was observed in the villus height, crypt depth, or the villus height:crypt ratio in each group during the different heat-stress times.
There was also no significant difference in villus height between groups during heat stress. No effect of HSP70 was found on crypt depth between the groups, except at 5 h of heat stress. For the villus height:crypt ratio, a significant difference between groups was observed only after 10 h of heat stress (Table 3) . Figure 1 demonstrates the alkaline phosphatase activity in the jejunal mucosa of broilers under heat stress. Before heat stress, the alkaline phosphatase activity was significantly higher in the enhancer than in the other groups (P < 0.001). Early in the heat stress (2-3 h), there was no significant difference between groups. Then, with the increasing amount of time of heat stress (5-10 h), a significant difference in the alkaline phosphatase activity between groups was found (P < 0.01). A-D Means in the same column with no common superscripts differ significantly (P < 0.05). a-d Means in the same row with no common superscripts differ significantly (P < 0.05). 1 n = 3 for each treatment group. The results are given as relative intensity normalized to β-actin (heat shock protein 70/β-actin). A,B Means in the same column with no common superscripts differ significantly (P < 0.05). a,b Means in the same row with no common superscripts differ significantly (P < 0.05). 1 n = 3 for each treatment group.
Alkaline Phosphatase Activity
There were significant effects from different heat-stress times on the alkaline phosphatase activity in the control and the enhancer + inhibitor groups (P < 0.01).
Digestive Enzyme Activities
The activities of digestive enzymes in the small intestinal contents of chickens are shown in Table 4 . The amylase, lipase, and trypsin activity levels in the enhancer group were significantly higher than those in the control group during the heat stress (P < 0.001). The amylase activities in the inhibitor group were significantly lower than that in the control during the heat stress (P < 0.001). The lipase activities in the inhibitor group were significantly lower than that in the control group, except after 5 h of heat stress (P < 0.001). The trypsin activities in the inhibitor group were significantly lower than that in the control group, except after 3 h of heat stress (P < 0.001). Furthermore, the amylase, lipase, and trypsin activities in the enhancer group were significantly higher than that in the inhibitor and the enhancer + inhibitor groups (P < 0.001). A significant effect from different heat-stress times on the digestive enzyme activities was found (P < 0.001). Figure 2 demonstrates the correlation between HSP70 and the intestinal digestive enzyme under heat stress. At 3 h of heat stress, the amylase, lipase, and trypsin activities were positively correlated with HSP70 expression, and the correlation coefficient reached its maximum (P = 0.0002, R = 0.7613; P < 0.0001, R = 0.7987; and P = 0.001, R = 0.6762, respectively). The amylase, lipase, and trypsin activities were also positively correlated with the HSP70 mRNA expression during the heat stress. For amylase activity, the correlation coefficient was 0.6364 (P = 0.0019) at 5 h of heat stress. At 10 h of heat stress, the correlation coefficients for lipase Figure 1 . Relationship between the expression of heat shock protein 70 and the levels of alkaline phosphatase in the jejunal mucosa of chickens. Values were expressed as means ± SE, n = 3 for each treatment group. a-d Means with different letters were significantly different by Duncan multiple-range test (P < 0.05).**P < 0.01 compared with different heat-stress times in the same group; and ***P < 0.001 compared with different heat-stress times in the same group. a-d Means in the same row with no common superscripts differ significantly (P < 0.05).
Correlation Analysis of HSP70 and Intestinal Digestive Enzyme
A-D Means in the same column with no common superscripts differ significantly (P < 0.05). 1 n = 6 for each treatment group.
and trypsin activities were 0.7153 (P = 0.0005) and 0.8738 (P < 0.0001), respectively (Figure 3) .
DISCUSSION
In the present study, the acute heat exposure (36°C) model was employed and Gln was used to establish an HSP70 overexpression model in broiler chickens under heat stress. The results show significantly increased HSP70 and HSP70 mRNA expression in the enhancer group during heat exposure. The current data indicate that HSP70 overexpression does not affect the intestinal morphology under heat stress; however, there is a strong positive correlation between HSP70 expression and the digestive enzyme activity. The overexpression of HSP70 significantly increases the amylase, lipase, and trypsin activities under heat stress.
Heat stress is an important factor influencing domestic animal production during the summer months (Khajavi et al., 2003; Spencer et al., 2005) . Heat shock protein 70 is the most conservative and the most common family in the HSP family, which is abundant in most organisms and increases synthesis after cell stress. The current research demonstrates that compared with normal conditions, the content of HSP70 mRNA and protein increase after exposure to heat stress. This result also confirms that pretreatment with Gln induces asignificant increase in HSP70 mRNA and protein expression in the jejunal mucosa under heat stress. Our results concur with previous studies that Gln supplementation could stimulate an increase in HSP70 protein or mRNA expression after heat stress (Ehrenfried et al., 1995; Wischmeyer et al., 2001) . We established an HSP70 overexpression chicken model by Gln.
In recent years, studies have found that there is some correlation between high-temperature stress on the chicken pathological lesion and the expression of HSP70 (Bao et al., 2004; Sun et al., 2007) . The intestine is susceptible to heat stress, hypoxia, and other environmental factors, which result in mucosal damage. Studies found that a variety of stress factors in the intestinal tract, such as endotoxins, arsenite, ethanol, and ischemia may stimulate the production of HSP70 (Beck et al., 1995; Stojadinovic et al., 1995; Tsuruma et al., 1999; Tsukimi and Okabe, 2001) .
It is said that damage to the intestinal mucosal structure and digestion absorption function under heat exposure is the main factor for decreased feed intake and feed conversion (Ryder et al., 2004) . Ning et al. (2003) reported that there were severe effects of heat stress on pathological damage of the duodenum, jejunum, and ileum, which mainly involved mucosal epithelial cell exfoliation and villi fracture. Studies of Liu et al. (2009) and Yu et al. (2010) found that heat stress caused marked damage to porcine intestinal epithelia, which included damage to the tips of the intestinal villi, inducing epithelial cell shedding, exposing the intestinal mucosa lamina propria, as well as shortening villus height and crypt depth. In contrast to these results, we did not find significant changes in the intestinal morphology among the birds under heat stress in our study. We think this is because heat-stress times were different and detecting morphological changes of villi and crypts requires a process. As a sensitive indicator of cell damage, lactic dehydrogenase (LDH) appears to significantly change before intestinal morphology change happens. There are significant increases of LDH in the jejunal mucosa during heat stress, and the overexpression of HSP70 significantly decreases the level of LDH (data shown in the companion paper; Gu et al., 2012) . This indicates that intestinal cell damage happens after exposure to heat, and HSP70 plays an important role in the cell stress injury protection.
The results of the current study demonstrate the overexpression of HSP70 may increase alkaline phosphatase activity. Intestinal alkaline phosphatase is the traditional marker of intestinal maturation and is located in the small intestinal epithelium villus brush border and regulated by endotoxins of intestinal normal flora (Alpers et al., 1995) . It is related to intestinal digestion and absorption and plays an important role in the maintenance of normal intestinal barrier function (Bates et al., 2006) . Its change may reflect the change in intestinal digestion and absorption; however, the underlying mechanism is not clear.
Changes in digestive enzyme activity may be one reason for the change in digestive function under heat stress. However, studies focused on the effects of heat stress on the poultry digestive enzyme activity are few at present. Furthermore, experimental conditions, such as heat stress mode, the duration of heat stress, and the feed and water system are different, thus the results are not consistent. The study of Ruan and Niu (2001) showed that, after 4 wk of continuous heat exposure under 34.7°C, the total proteolytic enzyme, lipase, and amylase activity in broiler intestinal contents were significantly decreased compared with that of the control group at 49 d of age. On the contrary, Routman et al. (2003) reported that pancreatic trypsin and lipase were not significantly different compared with those of the control group, but the pancreas amylase activity significantly decreased under acute heat stress. The amylase, lipase, and trypsin activity data presented here indicate that heat stress has a significant influence on the digestive enzyme activity.
To further study the relationship between changes in intestinal digestion and absorption and the expression of HSP70 under heat stress, we measured the content of amylase, lipase, and trypsin activity in the jejunal digesta and analyzed their correlation to HSP70 expression. The present results clearly show that there is a strong positive correlation between HSP70 (or HSP70 mRNA) expression and the digestive enzyme activity under heat stress. Hence, there is a possibility that the overexpression of HSP70 may improve intestinal digestion and absorption function under acute heat stress by increasing intestinal digestive enzyme activity. However, the physiological regulation mechanism of HSP70 on poultry digestive enzymes still needs further study.
Interestingly, we found that the strong correlation for HSP70 only occurred after 3 h of heat stress; however, the strong correlation for HSP70 mRNA occurred from 3 to 10 h of heat stress. There appears to be no definite explanation for the phenomenon. The heat-shock response is regulated at the transcriptional level by the activities of a family of heat shock factors (HSF), in which HSF1 is the best-characterized and essential for the heat-shock response. In response to heat shock and other protein-damaging stresses, HSF1 undergoes nuclear localization and assembly into stress granules, becomes inducibly phosphorylated, and subsequently acquires transcriptional activity (Pirkkala et al., 2001 ). Based on a strong correlation between increased phosphorylation and transcriptional activity, we predicted continuous phosphorylation was one reason for the strong correlation from 3 to 10 h of heat stress. But this hypothesis needs to be evaluated rigorously in future studies. Under stress conditions, trimer formation of phosphorylated HSF-1 activates its movement into the nucleus where it binds to stimulate promoter lesion (heat shock element) and transcription is then initiated, followed by translation. The newly synthesized HSP bind to HSF to prevent further synthesis of HSP (Kiang and Tsokos, 1998) . Therefore, the strong correlation only happens after 3 h.
In conclusion, our results suggest that Gln is a good HSP70 enhancer to establish an HSP70 overexpression model. Although the overexpression of HSP70 does not change intestinal morphology conditions, it significantly increases broiler digestive enzyme activity under heat stress.
